Abstract Purpose This study explored the possible association of four single nucleotide polymorphisms (SNPs) of the three folaterelated enzyme genes: MTHFR C677T and A1298C, MTR A2756G and MTRR A66G, with male infertility in the Chinese population. Methods The polymorphic distributions of the four SNPs (MTHFR C677T and A1298C, MTR A2756G and MTRR A66G) were investigated by the method of SNaPshot in a Chinese cohort including 296 idiopathic infertile males with azoospermia or oligozoospermia and 204 fertile males. Results We found no evidence for an association between any of these variants (MTHFR C677T and A1298C, MTR A2756G and MTRR A66G) and male infertility. Conclusions There is no evidence for an association between male infertility and polymorphism of the three folate-related enzyme genes in the Chinese population.
Introduction
Infertility is estimated to affect 10-15 % of couples, and approximately half of these infertile couples are due to male infertility [1] . Despite significant advances in technologies and diagnostic methods in the field of male infertility, the etiology of about 50 % of cases remains unknown [2] . It has been suggested that genetic factors contribute up to 15-30 % of male factor infertility [3] . The genetic factors involved in male infertility include Y chromosome microdeletions, chromosomal or monogenic disorders, mitochondrial DNA (MTDNA) mutations, imprinting disorders, or endocrine disorders of genetic origin [4] . Spermatogenesis impairment is the most common form of male infertility, and many genetic factors are involved in impaired spermatogenesis [4, 5] .
Folates are essential for DNA synthesis, RNA synthesis, methylation reactions, and protein synthesis [6] . The metabolism of folates play a key role in the maintenance of genome integrity due to its role in DNA synthesis, repair, and methylation [7] . The methylenetetrahydrofolate reductase (MTHFR), methionine synthase (MTR) and MTR reductase (MTRR) enzymes are key regulatory enzymes in folate metabolism and are critical for DNA methylation and spermatogenesis. MTHFR knockout mice show phenotypes with abnormalities in general development, severe oligospermia and infertility [8] . Long-term treatment of betaine, an alternative methyl donor for remethylation of homocysteine, partially restored both spermatogenesis and fertility in MTHFR −/− male mice [8] .
Boxmeer et al. have demonstrated that low concentrations of folate in seminal plasma is associated with increased levels of sperm DNA damage in fertile men, and suggested that low folate in the microenvironment of spermatozoa may have adverse effects on sperm DNA stability [9] . The human MTHFR gene is composed of 11 exons and located on the short (p) arm of chromosome one (1p36.3) [10] , catalyzing the reduction of methylene tetrahydrofolate (5,10-methyl THF) to methyl tetrahydrofolate (5-methyl THF) [11] . MTHFR C677T (rs1801133) and MTHFR A1298C (rs1801131) are common polymorphisms in the MTHFR gene. The 677C>T (Ala222Val) SNP results in alanine-to-valine substitution within the catalytic domain of the MTHFR enzyme at codon 222 and the 1298A>C (Glu429Ala) SNP results in glutamateto-alanine substitution at codon 429 [12] . Both polymorphisms have been shown to result in some impairment of enzymatic activity. Methionine synthase (MS) catalyzes the transfer of a methyl group from 5-methyl THF to homocysteine, which produces methionine and THF [13] . A common polymorphism at position 2756 within the MTR gene (A2756G, rs1805087) results in a transition from adenine to guanine that was thought to be associated with enzyme activity [14] . MTRR catalyzes the reductive methylation of MS using S-adenosylmethionine providing the methyl group, and may also participate in DNA methylation [15] . A 66A->G substitution specifying an isoleucine to methionine substitution (I22M) is a common MTRR polymorphism [15] . A large number of molecular epidemiological studies have been conducted to evaluate the role of the three folate-related enzyme gene (MTHFR, MTR and MTRR) polymorphisms in male infertility [11, 13, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . However, the association between polymorphism and the risk of male infertility is still controversial. Here, our study assesses the association of four polymorphisms in three folate-related enzyme genes with male infertility in the Chinese population.
Materials and methods

Subjects
A total of 296 idiopathic infertile male with azoospermia or oligozoospermia (sperm concentration < 20×10 6 /ml) in the East China population were recruited from The First Affiliated Hospital of Wenzhou Medical University, China. These patients were seeking infertility care at the hospital. At least two semen samples were tested for initial evaluation of the patient according to the WHO guidelines. Astheno or teratozoospermia was seen in 79.8 % of the samples. The average sperm motility is 30.9 %. Patients with recognizable genetic causes of male infertility such as chromosome anomalies and microdeletions in the AZF region of the Y chromosome were excluded. The control group consisted of 204 fertile men who had at least one child from the general population in area of East China (Zhejiang province). Blood samples were collected from all 500 subjects, and total genomic DNAs were isolated by QIAamp DNA Blood Mini Kit (Qiagen) according to the manufacturer's instructions. Written informed consent was obtained from all study subjects. The study was approved by the Medical Ethics Committee of The First Affiliated Hospital of Wenzhou Medical University.
Genotyping
Four SNPs [rs1801133 (C677T, A222V), rs1801131 (A1298C, E429A), rs1805087 (A2756G, D919G), rs1801394 (A66G, I22M)] were genotyped using SNaPshot, with technical support from Center for Genetic & Genomic Analysis, Genesky Biotechnologies Inc. Specific oligonucleotide primers were designed by the ABI prism SNaPshot Multiplex Kit (ABI). Single base extension using gene-specific primers was performed according to the manufacturer's protocol (ABI Prism SNaPshot multiplex system; Applied Biosystems).
For the detection of rs1801133 polymorphism, the primer pairs were: 5′ -CCC CTC ACC TGG ATG GGA AA -3′ (sense) and 5′ -GAG GCC AGC CTC TCC TGA CTG -3′ (antisense). The primer pairs for rs1801131 polymorphism were: 5′ -CTT CTC CCT TTG CCA TGT CCA C -3′ (sense) and5′ -GAA GAG CAA GTC CCC CAA GGA G -3′ (antisense). The primer pairs for rs1805087 polymorphism were:5′ -TTC CTG AAG GAG GTG TTA TCA GCA -3′ (sense) and5′ -TCC AAA GCC TTT TAC ACT CCT CAA A -3′ (antisense). For the rs1801394 polymorphism: 5′ -ACA GCA GGG ACA GGC AAA GG -3′ (sense) and 5′ -CCC AAC CAA AAT TCT TCA AAG CAC -3′ (antisense) primers were used.
PCR consisted of 1× HotStarTaq buffer, 3 mM Mg 2+ , 0.3 mM of each dNTP, 1 μM of each primer and 1 U of HotStarTaq polymerase (Qiagen) in a 20 μL reaction volume. Thermal cycling condi tions were 95°C 2 m in; 11 cycles×(94°C 20 s, 65°C-0.5°C /cycle 40 s, 72°C 1.5 min); 24 cycles × (94°C 20 s, 59°C 30 s, 72°C 1.5 min); 72°C 2 min; 4°C forever. Following amplification, 2 U Exonuclease I and 5 U SAP (Shrimp alkaline phosphatase) were added to 15 μL PCR products and incubated at 37°C for 1 h, followed by heat inactivation at 75°C for 15 min. The single nucleotide primer extension assay consisted of 5 μL SNaPshot Multiplex Mix (Applied Biosystems), 2 μL purified PCR product and 0.8 μM of each primer in a final reaction volume of 10 μL. The following specific primers were used: rs1801131SR, 5′ -T 29 GG GGA GGA GCT GAC CAG TGA AG -3′; rs1801133SF, 5′ -T 44 AA AAG CTG CGT GAT GAT GAA ATC G -3′; rs1805087SR, 5′ -T 18 CC ACT TAC CTT GAG AGA CTC ATA ATG G -3′ and rs1801394SR, 5′ -T 17 CC ATG TAC CAC AGC TTG CTC ACA -3′. The amplification consisted of 28 cycles of 96°C for 10 s, 50°C for 5 s, and 60°C for 30 s. Then, 1 μL of SAP was added to each reaction and incubated at 37°C for 1 h followed by heat inactivation at 75°C for 15 min. The SNaPshot products were mixed with HiDiformamide and LIZ 120 (Applied Biosystems) size standard, and denatured at 95°C for 2 min, then placed on ice for at least 2 min before injection to the ABI 3730xl (96 Capillary) DNA analyzer (Applied Biosystems). The resulting data were analyzed by GeneMapper 4.1 (Applied Biosystems).
Statistical analyses
The deviation from the Hardy-Weinberg equilibrium was examined using Chi-square test. SNP Stats software (http:// bioinfo.iconcologia.net/SNPStats) was used to analyze genetic data. The differences in genotype distribution between control and patients were calculated using a twotailed χ 2 test. An unconditional logistic regression method was used to calculate the odds ratio (OR) and 95 % confidence intervals (CIs). P<0.05 was taken as statistically significant.
Results
We analyzed MTHFR rs1801133 (C677T, A222V) and rs1801131 (A1298C, E429A), MTR rs1805087 (A2756G, D919G) and MTRR rs1801394 (A66G, I22M) polymorphisms in 296 infertile and 204 fertile (control) men. The genotype distribution of C677T, A1298C, A2756G and A66G is summarized in Tables 1, 2 and 3. The results are in Hardy-Weinberg equilibrium in controls and infertile men. Table 1 shows the prevalence of MTHFR C677T and A1298C polymorphism in control and infertile men. The frequencies of the CC, TC and TT genotypes of MTHFR C677T polymorphism in the control group are 41.2, 46.1 and 12.8 % versus 39.5, 45.6 and 14.9 % in the infertile group. The frequency of the MTHFR C677T genotypes in fertile and infertile men was not statistically different. Likewise, there was no significant difference between the control and infertile groups with regards to genotypic and allelic frequencies of A1298C polymorphism ( Table 1) .
The association between MTR A2756G polymorphism and male infertility is presented in Table 2 . As shown in this table, no significant association is found between MTR A2756G polymorphism and risk of male infertility.
The polymorphism distribution of A66G in the MTRR gene is summarized in Table 3 . The frequencies of heterozygous (AG) and homozygous (GG) in the control and infertile groups are 44.6 and 6.9 %, and 40.2 and 6.4 %, respectively. These data showed no statistically significant difference between control and infertile men.
Discussion
Folates are group B vitamins that play essential roles in cell metabolism, including the synthesis of nucleic acids and epigenetic regulation of gene expression through remethylation of homocysteine into methionine [32] . Impaired folate status has been associated with several pathologies such as cardiovascular, neurodegenerative diseases and pregnancy complications [32] . Recent studies suggest that the key enzymes in folate metabolism are critical for male spermatogenesis [24, 33] . Impaired folate status causes DNA hypomethylation that disrupts gene expression by inducing uracil misincorporation during DNA synthesis thereby leading to errors in DNA repair, strand breakage and chromosomal anomalies. Mice deficient in MTHFR saw hyper-homocystenemia, decreased Sadenosylmethionine levels, global DNA hypomethylation and developmental retardation with severe neuropathology [33] . These mice also showed delayed maturation of the external genitalia [33] . Kelly et al. reported that severe MTHFR deficiency in male mice results in abnormal spermatogenesis and infertility [8] , suggesting that the MTHFR gene is involved in male fertility. Folate has antioxidant properties that counteract reactive oxygen species (ROS) [34] . It has been reported that low concentrations of folate in seminal plasma is associated with increased sperm DNA damage [9] . Low seminal plasma folate concentrations correlated significantly with low sperm density and total sperm count in male smokers and nonsmokers [35] . These data suggest that folate metabolism plays an important role in the maintenance of spermatogenesis. Single nucleotide polymorphisms (SNPs) have been found to be associated with the activities of the folate metabolismrelated enzymes. In this study, we conducted a case-control study to investigate the association of the four SNPs (MTHFR C677T and A1298C, MTR A 2756G and MTRR A66G) of three folate-related enzyme genes with male infertility in the Chinese population. MTHFR C677T and A1298C are associated with decreased enzyme activity [36, 37] . The distribution of alleles varies among different ethnic population [31] . A number of studies have evaluated the association of MTHFR gene polymorphism with male infertility [13, 38-40, 22, 27, 17, 16, 18, 29, 25, 41, 28, 42, 26, 21, 23] . The MTHFR C677T polymorphism was reported to be associated with male infertility in the German [42] , Indian [26, 18, 17, 38] , Korean [23] , Chinese [19] and Italian populations [41] . In contrast, Stuppia et al. [28] and Ebisch et al. [21] did not find any statistically significance of C677T variation in infertile men from Italy and the Netherlands. These apparently contradictory data from studies on different populations suggest that the role of C677T insusceptibility to male infertility might depend on ethno geographic factors [19] . It should be noted that contrasting results from the Italian population were also observed by two studies [41, 28] . In our study, we did not find any association of C677T polymorphism with male infertility in East China population. The frequency of the MTHFR A1298C variant allele also differs across populations, the frequency of the C allele is less frequent among Chinese than among Caucasians [20] . Lack of association between MTHFR A1298C and male infertility was observed in French, Indian, Korean and Moroccan populations [17, 13, 24, 16] . Our results are in concordance with previous studies. The A2756G transition in the MTR gene results in the substitution of the Asp919Gly in the MTR enzyme and leads to more effective homocysteine remethylation and methionine production [30] . MTRR A66G has a lower affinity for MTR and is inconsistently associated with homocysteine level [37] . However, the lack of association was also observed between male infertility and MTR A2756G or MTRR A66G. Montjean et al. reported that no association was found between MTHFR (A1286C, C677T, and G203A), MTRR (A66G and C524T) genetic variants and sperm counts in French population [43] . Ravel et al. failed to detect an association between among three variants in MTHFR (G203A, C665T, and A1286C), two variants in MTRR (A66G and C524T), a mutation in the CBS gene (G919A) and reduced sperm counts in infertile individuals of French ethnic origin [24] . On the other hand, Lee et al. [13] investigated the relationship between polymorphisms of three folate metabolism enzymes (MTHFR C677T and A1298C, MTR A2756G, and MTRR A66G) and nonobstructive Korean male infertility. They found that MTHFR C677T, MTR A2756G and MTRR A66G genotypes were independently associated with male infertility [13] . Geographic variation, racial, and ethnic differences in the distribution of the polymorphisms in folate-related enzyme genes could be one of the explanations for conflicting findings [44] . Moreover, gene-nutrient/environmental and gene racial/ethnic interactions have been shown to influence the impact of MTHFR polymorphisms [45] .
Some limitations of our study must be addressed. One is that we did not do routine semen analysis for the control group and thus, could not compare the semen parameters between control and infertile men. A certain percentage of the control group might have abnormal sperm counts yet produce normal children. Furthermore, infertile men were not classified into subtypes (using semen analysis) in this study. The association between the four SNPs and different subtypes of infertile men (including azoospermia, oligozoospermia, asthenozoospermia, oligo-teratozoospermia, astheno-teratozoospermia and oligo-astheno-teratozoospermia) requires further evaluation.
